A series of five fluorescent and ionic dimethylamino stilbazolium homologues with increasing conjugation length (from ethenyl to decapentaenyl) is investigated by high-frequency, amplitude-modulated femtosecond hyper-Rayleigh scattering at 1300 nm. A hyperpolarizability value that is not overestimated by the presence of a multiphoton fluorescence contribution is obtained from the Fourier analysis of the hyper-Rayleigh scattering signal. The demodulation curve (decrease of Fourier amplitude versus modulation frequency) is characterized by both the hyperpolarizability value and the fluorescence decay parameters. The fluorescence decay parameters are accurately determined independently by single-photon counting. A detailed analysis of the fluorescence decay parameters from the hyper-Rayleigh scattering demodulation curve and of their relation to the fluorescence decay parameters obtained from single-photon counting experiments is presented. The inherent hyperpolarizability value for these chromophores shows a maximum of (2045 Ϯ 35) ϫ 10 Ϫ30 esu or (760 Ϯ 13) ϫ 10 Ϫ50 C 3 m 3 J Ϫ2 for the hexatrienyl conjugation length. A comparison with theoretical calculations suggests the importance of trans-cis isomerization in the excited state.
INTRODUCTION
Ionic chromophores have long been envisaged as promising precursors of nonlinear optical (NLO) materials. This is due to the dense packing that can often be achieved in a well-ordered crystal 1 as well as to the numerous derivatives that one can easily obtain by changing the counterion. 2, 3 A noncentrosymmetric crystal habit can often be obtained with some molecular engineering. Nevertheless, the characterization of the molecular second-order NLO properties, i.e., the first hyperpolarizability value ␤, of these chromophores by electric-fieldinduced second-harmonic generation is precluded. Theelectric field, needed to meet the noncentrosymmetry requirement for the observation of even-order processes, cannot be applied over such ionic solutions. The introduction of the hyper-Raleigh scattering (HRS) technique, 4, 5 which relies on temporal and local orientational fluctuations to break the average centrosymmetry of the isotropic solution, 6 allows the determination of ␤ for such ionic chromophores. 7, 8 HRS is the incoherent elastic second-order nonlinear scattering of incident photons at laser frequency L , resulting in a photon at the second-harmonic frequency 2 L . The NLO response to the incident laser beam at the molecular level is quantified by the molecular first hyperpolarizability, or secondorder nonlinear polarizability, ␤(Ϫ2 L , L , L ). In HRS, the intensity of the second-order scattered light at 2 L can be related to the hyperpolarizabilities of the solute and the solvent in a solution.
However, in the case of HRS, multiphoton fluorescence (MPF) can contribute to the HRS signal, resulting in an overestimation of the hyperpolarizability value. 9, 10 Although spectral filtering might resolve the problem in some cases (large Stokes shifts of the two-photon fluorescence), it does not present a general solution to the problem (e.g., in the case of three-photon fluorescence, or small Stokes and anti-Stokes shifts). Other attempts, such as spectral background subtraction, are time consuming. Also, the idea of shifting the fundamental wavelength to the infrared has proved insufficient, as the absorption spectra of the newly synthesized NLO chromophores are moving toward the IR as well. As a general solution, Fourier analysis of the detected light intensity, as the sum of the scattering and the fluorescence, immediately after a delta excitation pulse, has recently been implemented. 11 The required delta excitation pulse results from a high-repetition-rate femtosecond Ti:sapphire laser. Owing to the finite lifetime of the fluorescence process, a demodulation (decrease of amplitude) of the fluorescence signal versus amplitude-modulation (AM) frequency is observed, whereas no such demodulation is observed for the immediate scattering. As such, in the limit of high frequency, the intrinsic fluorescencefree hyperpolarizability value is obtained. The exact nature of the demodulation versus frequency is dependent on several parameters, only one of which is the hyperpolarizability value. The other parameters are the fluorescence decay parameters, i.e., the effective MPF efficiency (the product of the multiphoton absorption and the fluorescence quantum efficiency) and the fluorescence lifetime (or lifetimes with their respective amplitudes). Although the determination of the fluorescence decay parameters is not our main concern, these parameters can influence the resulting hyperpolarizability value. As such, they prove important to us.
In this study a series of hemicyanine homologues is investigated. These homologues were chosen to permit investigation of the effect of an enlarged conjugation length in the NLO moiety of the molecule on the hyperpolarizability value of fluorescent ionic chromophores. In general, an increase in conjugation length within neutral nonfluorescent chromophores results in an increase of the hyperpolarizability value. [12] [13] [14] [15] The effect of increasing the conjugation length on the hyperpolarizability value is initially large. However, beyond a certain conjugation length, the hyperpolarizability value seems to level off, probably owing to loss of planarity, and, hence, of conjugation.
Here we report on a systematic study of the effect of increasing the conjugation length on the first hyperpolarizability in ionic hemicyanine dyes. For these specific dyes, it had been suggested by theoretical calculation that the inclusion of an additional ethylenic unit would nearly double the second-order hyperpolarizability. 16 Owing to the ionic nature of the compounds, HRS has to be used. But because of MPF contributions to the HRS signal, the modulated femtosecond HRS technique has been used for this study. The (linear) fluorescence decay parameters of the different dimethylamino stilbazolium (DAST) homologues were determined independently by single-photon counting (SPC). Hence a detailed analysis of the demodulation curves into the various nonlinear and linear parameters could be performed as well.
MATERIALS
The ionic dyes used in this study are higher homologues of the parent DAST bromide. Their molecular structure is shown in Fig. 1 . The systematic name of the parent molecule is 4-͕2-[4-(dimethylamino)phenyl]-ethenyl͖-Noctadecylpyridinium bromide, for the shortest homologue, represented by the number of ethenyl groups between the phenyl and the pyridinium rings as 1. In the longer homologues the ethenyl conjugation link is replaced by a butadienylene (2), a hexatrienylene (3), an octatetraenylene (4), and a decapentaenylene (5) link. The synthesis of these compounds is published in Ref. 17 . The solvent used in all the experiments was chloroform. On increasing the conjugation length, we observed redshifts of the absorption spectra in this solvent, and they are plotted in Fig. 2 . The charge-transfer band dies out at longer wavelengths, and the sample is transparent at the fundamental wavelength of 1300 nm.
THEORETICAL PREDICTIONS
As mentioned above, previous theoretical results for analogs of 1 and 2 (methylpyridinium iodide instead of octadecylpyridinium bromide) indicate a doubling of the first hyperpolarizability on going from ethenyl to butadienyl as the conjugation path. 16 Here theoretical hyperpolar- Fig. 1 . Parent structure of the measured chromophore. The chromophores are DAST homologues of increasing conjugation length denoted by n. The value of n refers to the number of ethenyl groups in the chromophore. Five chromophores were measured from n ϭ 1 to n ϭ 5. Fig. 2 . Plot of the absorption spectra of the five measured chromophores. (Solid curve, n ϭ 1; long-dashed curve, n ϭ 2; medium-dashed curve, n ϭ 3; short-dashed curve, n ϭ 4; dotted-dashed curve, n ϭ 5). The solvent used was chloroform. is the molar extinction coefficient.
izability values have been calculated for the 5 DAST homologues. First, the geometries of all the isolated molecules were determined by the semiempirical HartreeFock method Austin Model 1 by use of the program package MOPAC. 18 All the geometries are fully optimized. Frequency analysis shows that all the structures are minima on the potential energy surface. The optimized conformation of the isolated all-trans molecules is almost linear. The transition energies, the transition dipoles, and the state dipole differences are then evaluated at the level of intermediate neglect of differential overlap, with configuration interactions among singly excited states being taken into account. 19 In these singleconfiguration-interaction calculations, singly substituted excitations over all -orbitals are included. The secondorder polarizability is calculated by the sum-over-states approach on the basis of the single-configurationinteraction results. In the sum-over-states approach, which is derived from perturbation theory, the NLO response is expressed as a summation over all the electronic excited states of the molecule. Such a summation involves the transition dipole moments and the excitation energies from the ground state to the excited states as well as the state dipole moment differences between the excited states and the ground state. 20 The resulting static hyperpolarizability values for 1, 2, 3, 4, and 5 are, respectively, 222, 399, 632, 855, and 1087 ϫ 10 Ϫ30 esu. To convert these and later results from cgs units to SI units (the former being more familiar and more frequently used in NLO than the latter), one has to divide them by 2.69 ϫ 10 20 esu/C 3 m 3 J Ϫ2 . These data show a significant increase in first hyperpolarizability on elongation of the conjugation pathway, with a near doubling of the static hyperpolarizability in going from 1 to 2. Also, two-photon absorption cross sections were calculated. They also show an increase with increasing chain length. The relation between two-photon absorption and the microscopic origin of MPF in noncentrosymmetric compounds has been investigated. 21 Since the hyperpolarizability values are calculated on isolated molecules with fully optimized geometry but the measurements are carried out in solution and the molecules can reach an excited state, configurational effects should be taken into account. Therefore calculations were also performed on geometries incorporating cis configurations of a single or a double bond. The calculated wavelengths for absorption for the different conformers (trans or cis configurations of a single bond) or isomers (trans or cis substituted double bond) with equivalent chain lengths are almost identical. However, the hyperpolarizabilities for the cis isomers are, on average, only 60% of the hyperpolarizability value of the all-trans isomer. Full details of these theoretical calculations will be reported at a later date. The investigation of such isomers is sensible because, in the excited states, rotation around a double bond should be favored over the rotation around a single bond, since a tendency to a reversed character of single and double bonds occurs. The same observation has been made previously, on conformationally stable all-trans, 9-cis, and 13-cis isomers of various retinal derivatives. 
FLUORESCENCE SUPPRESSION IN FEMTOSECOND HYPER-RAYLEIGH SCATTERING
In the case of HRS, the second-harmonic intensity I (2) is recorded as a function of the fundamental intensity I() for a concentration series of the chromophore. To apply the external reference method a concentration series of a reference compound of known ␤ value is measured as well. The quadratic relation between I(2) and I() is described by the following equation:
Here However, when MPF contributes to the signal, the determined ␤ value is overestimated by the fluorescence contribution. The expression to account for this overestimation has been derived previously 11 :
Here ␤ app is the apparent (overestimated) hyperpolarizability value, ␤ is the intrinsic fluorescence-free hyperpolarizability value, X is the effective quantum efficiency of fluorescence, and M is the demodulation factor. The principle used to discriminate between the immediate scattering and the fluorescence, characterized by a fluorescence lifetime , in the frequency domain is based on the demodulation M ϭ M F /M R (intensity of fluorescence, M F , normalized to intensity of excitation, M R ) that the fluorescence acquires versus the excitation light at a particular AM frequency ϭ 2f. For fluorescence decay in the time domain, the real and the imaginary parts of the Fourier transform in the frequency domain lead to the experimentally observable normalized magnitude M and the phase shift of the fluorescence at a particular excitation frequency. The same principle is used in (multifrequency) phase fluorimetry for the determination of fluorescence decay parameters in the frequency domain. 23 The frequency dependence of the phase shift and of the magnitude of the fluorescence signal is completely determined by these fluorescence decay parameters, i.e., the fluorescence lifetimes with their respective amplitudes. In this way multifrequency phase fluorimetry permits the resolution of complex fluorescence decays in the frequency domain, just as the SPC technique does in the time domain. Here the amount of photons detected in small time intervals after a delta excitation pulse is recorded and analyzed. The two approaches are, as Fourier trans-forms of each other, mathematically completely equivalent. However, in the frequency domain, the normalized magnitude M and the phase shift of the fluorescence tend to zero and 90°subsequent to the excitation, respectively, for long lifetimes and/or high modulation frequencies . Under these circumstances the fluorescence is said to be completely demodulated and out of phase with the excitation. However, even at these high modulation frequencies, the HRS signal will still be in phase with respect to the excitation, because the HRS process results in an immediate response in the time domain. Hence the Fourier amplitude measured at very high modulation frequencies is due only to the HRS process, inasmuch as the fluorescence contribution is completely demodulated. To observe this demodulation of the fluorescence in a HRS experiment, the HRS measurement has to be performed over a series of modulation frequencies. Plotting the measured ␤ app versus the modulation frequency will then result in a demodulation curve.
In the analysis of such a demodulation curve the demodulation factor M has to be expressed as a function of the applied modulation frequency and of the fluorescence decay parameters. A straightforward analysis results if a multiexponential fluorescence decay function I(t) is assumed. The Fourier transform of this decay function in time results in real (S) and imaginary (G) parts that are now a function of the AM frequency :
In these equations a i is the relative amplitude of the fluorescence process with lifetime i . The index i expresses the number of different fluorescence processes contributing to the total fluorescence emission peak. From S and G, the phase shift and the demodulation factor M can be calculated:
Whereas the phase shift is used to measure the fluorescence decay parameters in multifrequency phase fluorimetry, the demodulation factor M is used in the HRS experiment to rule out the fluorescence contributions. Explicit calculation of the demodulation factor in the case of a single-exponential fluorescence decay in time (only one fluorescence lifetime involved) results in a simple expression of the demodulation factor:
If several fluorescence lifetimes are involved (multiexponential decay), the expression becomes more extensive:
. (9) These expressions for the demodulation factor can be implemented directly into the equation for ␤ app [Eq. (2)].
If the fluorescence process can be described by a single fluorescence lifetime, three parameters are involved in the analysis of the demodulation curve: the intrinsic hyperpolarizability value ␤, the amount of fluorescence contribution X, and the (single) fluorescence lifetime . If two fluorescence lifetimes are involved, the number of parameters doubles (to ␤, X, 1 , 2 , a 1 , a 2 ), and the analysis becomes more involved. However, by performance of SPC experiments the parameters 1 , 2 , a 1 , and a 2 can be accurately determined independently. The possible advantage of using this information in the analysis of the HRS demodulation curves is further discussed below. Experimentally, the AM frequency used to demodulate the fluorescence signal versus the excitation light is not attained by external AM of the laser beam, as this approach would seriously limit the accessible modulation frequencies. A high-repetition-rate (80-MHz) femtosecond Ti:sapphire laser is used instead. The Fourier transform of the time intensity profile of the femtosecond pulses consists of a large amount of frequency components at the harmonics of the repetition rate. Because the pulse duration is so short (ϳ100 fs), the bandwidth of the Fourier spectrum will be extremely large. The Fourier amplitude will be almost flat over several gigahertz. All these Fourier components (the harmonic frequencies as well as the fundamental repetition frequency itself) can be considered as AM frequencies, rendering external modulation superfluous. Moreover, the use of a femtosecond laser makes all these AM frequencies immediately accessible at the same time. The problem of selecting one modulation frequency has been solved by electronic frequency mixing of the Fourier spectrum of the detected light pulse at the second-harmonic wavelength with a reference frequency. This reference frequency, generated by a signal generator, deviates by only 700 Hz from the desired AM frequency. The electronic mixing process results in the generation of the sum and difference frequencies between the reference frequency and all the frequency components of the Fourier spectrum of the detected light pulse. However, only one low-frequency 700-Hz component will result from the differencefrequency mixing of the reference frequency with the closest harmonic frequency in the Fourier spectrum of the pulse, i.e., the selected AM frequency. The amplitude of this 700-Hz signal will be proportional to the Fourier amplitude of the selected AM frequency and thus will be representative of the response of the sample solution to the selected AM frequency. This amplitude is measured with a low-frequency lock-in amplifier.
The phase noise observed at the harmonic frequency components of the Fourier spectrum of the light pulse as well as the phase noise of the frequency generator used to generate the reference frequency are critical for the crosscorrelation (mixing) process. Although the phase noise of the frequency generator is seldom inadequate, the phase noise of the laser frequency might be a problem, as it results from fluctuations in the cavity length. By measuring at higher harmonics we found this effect to be an increasing linear function of the harmonic number. To stabilize the cavity length, a piezo-mounted cavity mirror was introduced. This solution to the problem is commercially available (Spectra-Physics Model Lok-To-Clock) for a Ti:sapphire laser (Spectra-Physics Model Tsunami). Here the resonator frequency (directly determined by the cavity length) obtained from a photodiode is compared with an ultrastable electronic reference frequency. Any observed deviation is then corrected for by the piezomounted mirror. In this way the phase noise observed at the harmonic frequencies in the Fourier spectrum of the femtosecond pulses is reduced dramatically. To rule out phase noise problems resulting from a frequency drift of the signal generator frequency versus the laser frequency, these two devices were synchronized.
Whereas a Ti:sapphire has favorable temporal properties for these experiments, its wavelength is rather unfortunate, as the second-harmonic wavelength overlaps with the absorption bands of most NLO chromophores, which results in the determination of strongly resonantly enhanced hyperpolarizability values. To shift the fundamental wavelength out of these absorption bands a femtosecond optical parametric oscillator slaved to the Ti:sapphire pump laser was inserted. This optical parametric oscillator can be tuned between 1.15 and 1.5 m with two optic sets. Until now, we used only the 1.3-m wavelength, inasmuch as 500 mW of average power is available at that particular wavelength. The pulse width is ϳ100 fs. A fast and red-sensitive photomultiplier (Hamamatsu Model R6060-02) was used to detect the 650-nm scattered light. 24 To obtain a fluorescence-free hyperpolarizability value of these fluorescent chromophores, HRS experiments have to be performed at various AM frequencies. At each AM frequency an apparent hyperpolarizability value is calculated by the external reference method. As a reference compound, the nonfluorescent and wellcharacterized Disperse Red 1 chromophore was used (␤ ϭ 54 ϫ 10 Ϫ30 esu at 1300 nm in CHCl 3 ). 24 Plotting the determined apparent hyperpolarizability value of the measured compound versus the applied AM frequency then results in a typical demodulation curve. If no demodulation is observed, i.e., if one observes a constant value of the first hyperpolarizability versus frequency, no fluorescence contribution to the HRS signal is present. This indicates that the chromophore does not fluoresce, that the fluorescence present is spectrally filtered out, or that the fluorescence lifetime is too short for its corresponding demodulation to be observed within the bandwidth of the instrument. Much care has to be taken when interpreting the result then.
SINGLE-PHOTON COUNTING
The linear fluorescence parameters for the five DAST homologues were accurately retrieved by SPC. A Ti:sapphire laser (Spectra-Physics Model Tsunami 3950-L2S) pumped by an Ar ϩ -ion laser (Spectra-Physics Model BeamLok 2060-10-SA) served as the excitation source. The excitation wavelength in this fluorescence study was 360 nm (1.5 ps FWHM) generated by a harmonic generator (GWU-23PS). The fluorescence was detected with a picosecond fluorescence spectrometer based on a streak camera (Hamamatsu Model C4334-01). One can clearly separate the photoelectron image from the noise by setting a threshold level for the analog-to-digital converted CCD camera signals. The instrument response function for this apparatus is 20 ps (FWHM). A time resolution of 5 ps can be obtained by the deconvolution technique. The fluorescence lifetimes were determined at 650 nm, i.e., the second-harmonic wavelength of the HRS experiment. The concentration for the SPC experiments was 10 Ϫ5 M, and the solvent was chloroform. For compounds 1 and 2, additional lifetime measurements were performed at a higher concentration of 10 Ϫ2 M.
EXPERIMENTAL RESULTS
In the case of the DAST chromophores 1-4, a clear indication of fluorescence contributions is present. Figure 3 shows the demodulation curve of chromophore 3. Fitting this demodulation curve to the equations derived above then leads to a value of the intrinsic first hyperpolarizability of the molecule, as well as to a value of the fluorescence quantum efficiency and a value of the fluorescence lifetime. The first fitting function should be the simplest one, based on the assumption of only a single fluorescence lifetime [combination of Eqs. (2) and (8)].
The obtained values of these parameters from HRS are shown in Table 1 ; the fluorescence lifetimes obtained from SPC are summarized in Table 2 . Tables 1 and 2 do not contain statistically estimated uncertainties regarding the retrieved parameters. This is because some parameters have been optimized with a Monte Carlo algorithm. Such a fitting algorithm randomly chooses values for the floating parameters in the fitting, and the ones resulting in the lowest 2 are selected. This procedure does not result in an estimate regarding the uncertainty of the final value. From the good agreement between the fluorescence lifetimes obtained from HRS and those obtained from SPC, observed for compound 3 and also for compound 4 (454 ps versus 451 ps and 373 ps versus 290 ps, respectively), we can already conclude that, at high frequencies, we have indeed removed the MPF contribution from the scattering for these compounds. Therefore we can already draw conclusions about the fluorescencefree hyperpolarizability values for compounds 3 and 4 (2070 ϫ 10 Ϫ30 and 780 ϫ 10 Ϫ30 esu, respectively).
An additional analytical approach is possible. We can use the supposedly more accurate single fluorescence lifetime from SPC as a fixed parameter in the analysis of our HRS data. The resulting values for fluorescence-free hyperpolarizability and MPF contribution are given in Table  1 . For compound 3 there is excellent agreement, but not for compound 4. The conclusion for the analysis of HRS data with single-exponentially decaying MPF is that the analysis of the HRS data alone, without SPC data, is sufficient. The situation is slightly more complex for compounds 1 and 2. For these chromophores, there is not good agreement between the fluorescence lifetimes obtained from HRS and the ones obtained from SPC at the low concentration of 10 Ϫ5 M (2250 ps versus 319 ps for compound 1, and 1470 ps versus 441 ps for compound 2, respectively). Here we have to take into account that the HRS measurements could be performed over a higher concentration range. This is because the absorbance at 650 nm (the second-harmonic wavelength) for these compounds is lower (see Fig. 2 ). When looking at the SPC results for the higher concentration (10 Ϫ2 M), we observe in SPC a double-exponential fluorescence decay, with one component being the longer fluorescence lifetime, as retrieved from HRS at a higher concentration (2.25 ns versus 2.25 ns for compound 1, and 1.36 ns versus 1.47 ns for compound 2, respectively), but with only a small fraction, in addition to the short component observed previously from the low concentration.
This additional fluorescence information obtained from SPC can be used to refine the HRS fitting procedure of the demodulation curves of chromophores 1 and 2. A number of approaches are possible. First, a fit of the data points from the modulated HRS experiment to a combination of Eqs. (2) and (9) (double-exponential fluorescence decay; see Fig. 4 for compound 1) is appropriate, based on the evidence of such a decay law from SPC. While the large number of free parameters relative to the limited number of data points is expected to result in unfavorable statistics, it can still give a good indication of the possibilities for this approach. There is good correspondence in terms of the retrieved long-lifetime component between HRS with single-exponential fluorescence decay analysis and HRS with double-exponential analysis (2.25 ns versus 3.05 ns for chromophore 1, and 1.47 ns versus 1.49 ns for chromophore 2, respectively, for the long-lived component). Moreover, there is also agreement between the fluorescence-free hyperpolarizabilities from singleexponential analysis and those from double-exponential analysis of the HRS data (107 versus 102 ϫ 10 Ϫ30 esu for chromophore 1, and 1670 versus 1665 ϫ 10 Ϫ30 esu for compound 2, respectively). The same is true for the MPF contribution (106 versus 112 ϫ 10 Ϫ30 esu for compound 1, and 3560 versus 3555 ϫ 10 Ϫ30 esu for chromophore 2, respectively). This is an indication that the short-lived component does not contribute significantly to the total MPF.
A second approach uses the fluorescence lifetimes from SPC as fixed parameters, while the amplitudes are still allowed to float in the fitting procedure. This reduces the number of free parameters. Here, again, the retrieved fluorescence-free hyperpolarizability and the MPF contribution are in good agreement with the earlier analysis procedure.
A last approach might be the analysis of the HRS data with all the fluorescence decay parameters as fixed parameters in the fitting procedure, which results in only two floating parameters in the fitting. As can be seen from the last row of Table 1 , this is not a good approach. This is in striking analogy with what was found for the analysis of compounds 3 and 4.
The reason for this situation could be that the lifetimes might very well be appropriate but that their respective amplitudes are not. This is expected when concentration-dependent excited-state reactions can occur. Since the HRS demodulation curve is obtained from a measurement on a concentration series, the amplitudes of the fluorescence processes should not necessarily correspond to the SPC data taken at a particular concentration. Also, the excitation conditions are different for SPC and HRS: SPC excitation is linear (one photon), in the UV; HRS excitation is pulsed and nonlinear (two photon, in the near IR, with high peak power). We can conclude that good agreement between the fluorescence lifetimes obtained from HRS and those obtained from SPC is a sufficient criterion for reliable data analysis. Implementing the SPC lifetimes as fixed parameters does not improve the results. Using lifetimes and amplitudes as fixed parameters is not advised.
Chromophore 5 shows yet another characteristic that needs special attention in our data analysis for HRS. From the HRS data alone, no significant demodulation is observed (see Fig. 5 ). This means that the chromophore does not fluoresce, that the fluorescence is Stokes shifted away from the second-harmonic wavelength, or that the demodulation is not observed within the bandwidth of our instrument. Then independent fluorescence data should be used to verify which is the case. From the SPC experiment, it can be argued that the fluorescence lifetime is actually too short (106 ps) for the demodulation to be observed. However, the fluorescence contribution (X) would then become very large (1200 ϫ 10 Ϫ30 esu). This is in contradiction with the steady-state fluorescence measurements, in which essentially no fluorescence was observed for compound 5. This suggests that we need to analyze the data of Fig. 5 with X ϭ 0, which results in a value for its first hyperpolarizability ␤ of 1200 ϫ 10 Ϫ30 esu. This last result, finally, suggests that it is sufficient to analyze only the HRS data, in accordance with the conclusions drawn from the analysis for compounds 3 and 4, again in analogy with the results for compounds 1 and 2.
DISCUSSION AND CONCLUSIONS
The fluorescence decay parameters deduced from the HRS demodulation curve are consistent with the independently determined SPC fluorescence decay parameters. This consistency clearly illustrates that the demodulation observed in the apparent hyperpolarizability is caused by fluorescence. This demonstrates the reliability of the modulated HRS technique to suppress the fluorescence and to obtain a fluorescence-free hyperpolarizability. Nevertheless, no perfect agreement could be obtained because of differences in the experimental conditions, as discussed above. Additional information obtained from steady-state and time-resolved fluorescence experiments is helpful in establishing reliability in the retrieved results.
The ionic chromophore 4-͓2-(N, N-dimethyl-4-aminophenyl)-ethenyl͔-N-docosylpyridinium bromide (a), essentially identical to compound 1, except for the longer alkyl chain on the pyridinium nitrogen, has previously been incorporated into a noncentrosymmetric Langmuir-Blodgett layer. In this bulk structure coherent second-harmonic generation is possible. This directional measurement technique is not influenced by MPF. However, not all molecules are prone to LangmuirBlodgett formation. Oftentimes, a long aliphatic alkyl chain needs to be covalently linked to the NLO moiety, rendering the chemistry more tedious. Moreover, preparation of the film sample is more laborious than the solution measurement in HRS. The molecular first hyperpolarizability was estimated from the second-order film susceptibility, by assumption of values for the number density in the layer, the average tilt angle, and the film refractive indices, to be 230 ϫ 10 Ϫ30 esu at a 1064-nm fundamental wavelength. 25 The difference in length for the alkyl chain on the pyridinium nitrogen (C 22 versus C 18 ) is not expected to have an influence on the NLO properties of the chromophores. To be able to compare the value that is obtained at 1064 nm with the result that we obtained at 1300 nm, the static value for the hyperpolarizability can be compared, assuming the simple two-level model. With a wavelength of maximal absorption of 477 nm in the film, 26 this value is 36 ϫ 10 Ϫ30 esu, in perfect agreement with our static value for chromophore 1, (36
Ϫ30 esu. This kind of agreement is also indicative of the accuracy of the retrieved hyperpolarizability values.
A compound very similar to chromophore 1, 4-[2-(Nmethyl-N-octadecyl-4-aminophenyl)-ethenyl]-N-methylpyridinium bromide, has been measured previously in solution, at the same wavelength and in the same solvent. This ionic dye also shows fluorescence, and its suppression with femtosecond HRS has revealed an inherent hyperpolarizability of (140 Ϯ 10) ϫ 10 Ϫ30 esu. 24 The much longer alkyl group on the electron donor (C 18 versus C 1 ) and the much shorter one at the acceptor end (C 1 versus C 18 ) explains this larger number in terms of the inductive effect. 25 The resulting hyperpolarizability values are given in Table 3 . The values and the estimated uncertainties are derived from the entries that are indicated in boldface in Table 1 . Figure 6 gives an overview of the retrieved hyperpolarizability values. The lines are cubic spline interpolations, intended only to guide the eye. They do not represent a physical model. Figure 6 shows the uncorrected dynamic hyperpolarizability values obtained at 1300 nm with the fluorescence contribution (denoted by multiplication signs). These values are the ones that would be obtained by classical HRS without fluorescence suppression and correspond to the intercepts of the demodulation curves at frequency zero. Figure 6 also shows the fluorescence-free hyperpolarizability values obtained at 1300 nm (denoted by plus signs) and the corresponding static (dispersion-free or resonanceenhancement-free) values ␤ 0 (denoted by circle signs), calculated with the two-level model and the wavelengths of maximal absorption given in Table 3. This table also gives the cutoff wavelength of absorption, defined as the wavelength with a transmittance of 99% in a 1.0 ϫ 10 Ϫ2 M solution in CHCl 3 . Finally, the calculated (static) hyperpolarizability values are also shown (see Section 3; triangles in Fig. 6) . A first conclusion that we can immediately draw is that the hyperpolarizabilities without fluorescence suppression (denoted by multiplication signs in Fig. 6 ) are seriously overestimated. The suppression of the fluorescence is experimentally indispensable if one is to arrive at experimental static hyperpolarizability values that are in good agreement with calculated values (compare circles and triangles in Fig. 6 , and note the good agreement for chromophores 1-3).
The hyperpolarizability value initially increases with the number of ethylene groups (for compounds 1-3). However, instead of displaying a limiting behavior, as theoretically predicted (triangles in Fig. 6 ), a maximum in the hyperpolarizability [as well as in the overall fluorescence quantum efficiency (see Table 1 ) is reached for n (number of ethenyl groups) equal to 3. Inasmuch as the hyperpolarizability value of nonfluorescent chromophores reaches a plateau at a certain conjugation length, it is suggested that the observed behavior here is linked to the fluorescent nature of the chromophore. Both fluorescence and second-order hyperpolarizability profit from a fully linear, planar, and rigid configuration. Although the fully optimized configuration might very well be linear, a change from this all-trans to a single-cis configuration can occur in the excited state. A concomitant de-crease in hyperpolarizability is expected, based on the theoretical prediction for the cis isomers (see Section 3). The decrease in the fluorescence lifetime in compounds 4 and 5 can then be explained by the additional nonradiative relaxation pathway provided by the excited-state reaction. For the HRS measurements in solution, the increasing number of cis isomers with increasing chain length might be the reason for a decrease in the first hyperpolarizability.
The same argument has been convincingly demonstrated by inclusion of the very similar dye (a) in an amylose helix. 27 The increased rigidity by this inclusion simultaneously induced fluorescence and resulted in a twofold increase of the first hyperpolarizability. The amylose helix around the dye does not allow a trans-cis isomerization in the excited state. There is no longer an additional nonradiative relaxation pathway for the excited state, so the fluorescence is induced. All the molecules remain in the all-trans configuration and retain the larger nonlinearity. The value for the molecular first hyperpolarizability at 760 nm amounted to (280 Ϯ 20) ϫ 10 Ϫ30 esu in dimethylsulfoxide as the solvent. The static value, with a wavelength of maximal absorption of 477 nm, then is (100 Ϯ 10) ϫ 10 Ϫ30 esu. This larger value in dimethylsulfoxide (100 ϫ 10 Ϫ30 esu versus 36 ϫ 10 Ϫ30 esu in chloroform) might point toward a very plausible, more significant solvent dependence of the first hyperpolarizability of ionic chromophores than is observed for neutral species.
This observation points to a potential disadvantage of these measurements in solution. The advantage clearly is that no noncentrosymmetric bulk structure needs to be constructed. No aliphatic moiety needs to be chemically engineered to impart amphiphilic properties to the NLO chromophore. However, in solution, trans-cis isomerization in the excited state is much more likely to occur than in a solid bulk arrangement. Therefore the solution value for the first hyperpolarizability might not be appropriate for estimation of the susceptibility on incorporation of the molecules in a bulk structure. The factor-of-2 increase in hyperpolarizability that was observed for (a) on inclusion of the dye in the amylose helix could also be interpreted in this way.
Possible dipole-induced formation of a centrosymmetric dimer could be invoked to explain the lower hyperpolarizability values for the longer chromophores. The larger dipole would favor this in the longer chromophores. However, this effect should be larger for the higher concentrations in a concentration series. The fact that linear relations for the quadratic coefficient QC as a function of concentration are always observed weakens this argument.
The stability of the longer compounds 4 and 5 could be an issue. Incorporation of a polyene into fused-ring systems has been used to enhance thermal and photochemical stability. 28 Therefore, using freshly made solutions, we took absorbance spectra immediately before and after the HRS measurements and compared them and found them to be identical, which indicates that no degradation of the compounds had taken place.
It can also be suggested that the interplay between chain end effects (still important for these relatively short chains) and delocalization effects (which increase with conjugation length) is different for neutral chromophores (which lead to a saturation behavior) than for ionic fluorescent chromophores (which result in a peak behavior). A more detailed quantum-mechanical study of the MPF as well as of the hyperpolarizability of these ionic chromophores is necessary to model the nonlinear properties-(both the second-order hyperpolarizability and the third- The dispersion-free value is calculated on the basis of the two-level model and the wavelengths of maximal absorption, max . Also indicated are the cutoff wavelengths, cutoff , defined as the long wavelength that has 99% transmittance for a 1.0 ϫ 10 Ϫ2 M solution in chloroform. b No estimated uncertainty, since the value is derived from single result for compounds 4 and 5 (indicated in boldface in Table 1 ).
order two-photon properties) in detail. Finally, the crystal engineering into optimized orientation in the unit cell is the next step that needs to be taken to go from eventually optimized molecular properties, for the ionic constituents, to an optimized second-order susceptibility at the bulk level in the ionic crystal.
